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Summary

Steroid signaling underlies developmental processes in expressed in the ecdysone-producing larval ring gland.
animals. Mutations that impair steroidogenesis in the fruit However, development of ecdnull early larval lethal

fly Drosophila melanogasteprovide tools to dissect steroid mutants cannot be advanced by Ecd expression targeted to
hormone action genetically. The widely used temperature- the ring gland or by hormone feeding. Cell-autonomouscd
sensitive mutationecdysoneledgecd) disrupts production  function, suggested by these experiments, is evidenced by
of the steroid hormone ecdysone, and causes developmentalthe inability of ecd clones to survive within developing
and reproductive defects. These defects cannot be imaginal discs. Ecd is also expressed in the ovary, and is
satisfactorily interpreted without analysis of theecdgene. required in both the follicle cells and the germline for
Here, we show thatecd encodes an as yet functionally oocyte development. These defects, induced by the loss of
undescribed protein that is conserved throughout ecd provide the first direct evidence for a cell-autonomous
eukaryotes. Theecd conditional allele contains an amino  function of this evolutionarily conserved protein.

acid substitution, whereas three non-conditional larval

lethal mutations result in truncated Ecd proteins. Key words: Steroid hormone, Ecdysoregysonelessmaginal disc,
Consistent with its role in steroid synthesis, Ecd is OogenesisDrosophila

Introduction has been implicated in egg chamber maturation during mid-
Steroid hormones play crucial roles in development an{OYenesIs (Buszczak et al, . 1999). Inactive ecdys_c_me
conjugates are maternally deposited to eggs and are mobilized

reproduction of insects, including the fruit flrosophila duri Jemb ' by th . B t al
melanogasterThe insect steroid ecdysone (E), and primarily uring mid-embryogenesis by the amnioserosa (Bownes et al.,

its active derivative 20-hydroxyecdysone (20E), is responsibléggz;ceKr?tflovsaesgrd al-DrPousr(T)m;(iallz’a Zggg)s' involved in ecdvsone
for coordination of embryogenesis, larval molting and Y phra g y

metamorphosis, the latter involving differentiation of adultbiosynthesis have been cloned. Onalige a homolog of
P ’ g the human adrenodoxin reductase that is necessary for the

structures from precursor |mgg|nal discs (Riddiford, 1993). W‘?eduction of mitochondrial cytochrome P450 (Cyp) enzymes
will hereafter use the generic name ecdysone to refer to ﬂlﬁreeman et al., 1999). Two other gendisembodieddib)
Drosophila steroid hormone. Blood-circulating ecdysone ;4 shadow(sa-c’) encdde Cyp & and G-hydroxylases
induces tissue-specific and temporally restricted pm"feraﬂo%spectively, which are responsible for the final two
differentiation and programmed cell death. Numerous studieg, qroxylation steps of ecdysone synthesis (Chavez et al., 2000;
directed towards understanding how the ubiquitous hormongj,iren et al., 2002). Ecdysone is the final product of the ring
governs these diverse cellular responses, culminated in detail&@md, which is secreted to the hemolymph and converted
dissection of the regulatory cascade downstream of thg 20 in peripheral tissues. The Cypo@ydroxylase
ecdysone signal (Thummel, 1996). ~ responsible for this conversion is encoded dhyade (shd

The major and best-studied source of ecdysone in insegbetryk et al., 2003). Theare dib and sad genes are all
larvae is the prothoracic gland, whichDmosophilaconsists  expressed in the larval lateral ring gland and in adult ovaries,
of the lateral lobes of the ring gland (Dai and Gilbert, 1991)and their loss-of-function phenotypes can be fully explained as
After this part of the ring gland degenerates duringa consequence of ecdysone deficiency. Thus far, only one
metamorphosis, adult ovaries contribute to the whole bodgteroidogenic factor that is not itself an enzyméthout
steroid titer inDrosophila(Garen et al., 1977, Bownes et al., children (woc), has been identified (Wismar et al., 2000;
1984; Bownes, 1989; Warren et al., 1996). The main role ofvarren et al.,, 2001). This gene encodes a zinc finger
ecdysone in adult females is to regulate vitellogenesiganscription factor that probably activates expression of the
(Hagedorn, 1985; Bownes et al., 1996). In addition, ecdysongholesterol 7,8-dehydrogenase that executes the first step of
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ecdysone biosynthesis. Mutationsvedc affect a wide range complements the non-conditioreddalleles, were used to delimit the
of tissues, suggesting that its transcriptional function is notcdinterval by a series of PCR reactions. These were performed on
restricted to regulating expression of the steroidogenic enzymembryos homozygous for eithBf(3L)Aprt201or Df(3L)R+R2with

No other regulators of the steroidogenic pathway have bediirs of primers, derived from ten genes (CG17772, CG17771,
identified thus far. CG13807, CG5714, CG13806, CG13805, CG5717, CG13804,

Among steroid-deficient Drosophila mutations, CG13803, CG13802) occurring between the right breakpoints of the

. . _two deletions according to the BDGP (BerkelzypsophilaGenome
ecdysoneleds(ecd) is used to study ecdysone roles in Project; Fig. 1). CG5714 was identified exd by genetic rescue of

development. Thecd mutation is a recessive, temperature-ieecd-mutants. Genomic DNA from embryos or larvae homozygous
sensitive allele that reduces whole-body ecdysone titers amgt each of theecd alleles was amplified with primers flanking the
causes larval arrest at a restrictive temperature, 29°C (Garen@t5714 gene: 'SGGTACGAAGGAGGCGGAGGG-3 and 5-

al., 1977). The effect obcd on ecdysone production is GATGAGCAAGATTCCAGGCAGCA-3. PCR products from three
autonomous, because culturectt mutant ring glands fail to independent reactions were sequenced using the BigDye Terminator
produce ecdysone when upshifted to 29°C (Henrich et alKit (Perkin Elmer), using these and additional internal primers to
1987; Dai et al, 1991; Warren et al., 1996). Ecdyson&over the entirecdgene in both directions.

production is also interrupted in adult ovaries upshifted to thEansformation rescue of ecd mutants

restrictive temperature (Garen et al., 1977, Redfern an ive genomic fragments containing tked candidate genes were
Bownes,_1983; Warren etal., 1996)'. After seve_ral days at 29° btair?ed by restrigtion of the BACR922J16 clone (BDC?P) and placed
oogenesis pauses at the onset of vitellogenesis; this phenotypg the pCaSpeR-2 P-element vector (Thummel and Pirrotta, 1992).
can be reversed by lowering the temperature (Audit-LamoUtiones E5, H13, B2, B13 and S4 (Fig. 1) were used for P-element-
and Busson, 1981). Transplantation experiments show that thisediated germline transformation (Spradling and Rubin, 1982).
effect ofecd is autonomous to the ovary (Garen et al., 1977)ecdTM6B and ecd??4TM6B females carrying the rescue construct

Developmental events disrupteddgod mutants include fat P[w*, RC] on the second chromosoms; P[w*, RC], ru ecd st
body protein synthesis (Lepesant et al., 1978), progression &fTM6Bor w; P[w*, RC], ve R ec84TM6Bwere mated with males
the eye-forming morphogenetic furrow (Brennan et al., 1998)1eterozygous for one of tieedalleles gcd, ecd?, ecd®23, ecd?* or
salivary gland glue secretion (Biyasheva et al., 2001) and mot&if(BLIR+R overTM6B o test for genetic rescue eéd
neuron outgrowth (Li and Cooper, 2001). These defects haygna| phase determination
been |nterpret_eq as consequences of the mutationally 'ndu_cggchecd allele was crossed with all othecdalleles and with the
ecdysone deficiency. However, Redfern and Bownes cautiqh 3| )r+R2deficiency. All lines were balanced w3, P[w*, act-
that a range of anomalies iecd adults result from an GFp]. The flies were allowed to lay eggs on apple juice plates,
autonomousecd requirement for cell viability and therefore supplemented with baker’s yeast paste at 25°C, or at 29°C in the case
may not be attributable to ecdysone deficiency (Redfern anst ecd crosses. Eggs were collected in two-hour periods, and embryos
Bownes, 1983). or larvae were identified ascdhomozygotes by the absence of the

It is difficult to discern which of the phenotypes result fromGFP-marked balancer.
the ecd mutation dlre_ctly, and wh|ch are the consequence Oltiormone feeding and titer determination
low ecdysone titer, without knowing the primary defect in the h ditionated and ecd®23 200 earl q
ecdysonelessene, whose molecular identity remained elusive ©" the non-conditionadcd” andecd™** mutants, 200 early-secon

instar larvae of each genotype were placed in vials with a
for over 25 years. We report here that ¢ioellocus encodes a sucrose-yeast medium containing 20-hydroxyecdysone (20E) at

protein whose orthologs in several other species, includingyncentrations of 1 mg/ml (Garen et al., 1977; Freeman et al., 1999),
humans, have not yet been functionally described. The originako ug/ml, 50 ug/ml or zero, and animals progressing to the second
ecd mutation and three non-conditional lethal alleles havenolt or beyond were counted. The temperature-sensitifemutants
been mapped and assessed for their effects. We have localizeste tested for puparium formation as third instar larvae on the same
the Ecd protein to both the steroidogenic and non-steroidogenitedia at 29°C. In all cases the homozygewss mutants were

tissues, and have demonstrated its cell-autonomous roles dampared with their rescued counterparts carrying the S4 construct.
imaginal discs and ovaries. Radioimmunoassay of total ecdysteroids was performed in whole-

body homogenates as described (Jindra et al., 1994).

. Rescue with ectopic Ecd expression
Matenéls an.d methods A full-length ecd cDNA (GH14368; BDGP) was subcloned into the
Drosophila strains PUAST P-element vector (Brand and Perrimon, 1993). Transgenic
Flies were cultured on standard cornmeal medium at 25°C unle$ées carrying theJAS-ecdconstruct in theecd? mutant background
otherwise specified. Thecd mutations examined in this study were crossed wittecc? lines carrying transgenic Gal4 drivers to
included the temperature-sensitaed (Garen et al., 1977) and three produce UAS-ecd/Gal4; ecdecct. Six drivers were tested for the
non-conditional recessive lethals: EMS-induced alleta (ru ecc? ability to rescue theecc? lethal phenotypeact-Gal4 (from Dr B.
st @ (Sliter et al., 1989) andcd®23 (a gift of Dr I. Zhimulev), and  Edgar),ptc-Gal4 (Bloomington stock #2017)ev-Gal4(from Dr P.
a y-ray-induced ecd?* (ve R ecB4 (V.C.H., unpublished). Vilmos), en-Gal4(from Dr Y. Hiromi), Aug21andFeb36(Siegmund
DeficienciesDf(3L)R+R2 and Df(3L)Aprt201 were from previous and Korge, 2001; Andrews et al., 2002). All lines were balanced with
irradiation screens (Sliter et al., 1989; Wang et al., 1994) niifé- TM3, Ser, P[w, act-GFP] so thatec® homozygotes could be
null mutant line (Liu et al., 2003) was used for control in the analyserlentified at all developmental stages.
of mitotic mutant clones.

Generation of somatic and germline  ecd~ clones
Genetic mapping and sequence analysis of  ecd Mutant clones deficient for either Ecd or MBF1 (control) proteins
DeficienciesDf(3L)R+R2 in the 62B-D chromosomal region that were generated by mitotic recombination using the FLP-FRT
deletes theecdlocus (Sliter et al., 1989), ariaf(3L)Aprt201, which technique as described (Xu and Rubin, 1993; Theodosiou and Xu,
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1998; Chou and Perrimon, 1996). To induce clones in the developir N N N 3L
imaginal discsw, hs-FLP; P[w, ub-GFP]61F FRT 80Bemales

were mated withw; ru ecd FRT 80B/ TM3, P[w, act-GFP]or with ecd: DI(SL)Aprt-201 /15 4 /394 [kb]

y w; mbfl FRT 80Bnales. Their progeny were heat-shocked as larva ecd - Df(3L)R-R2

for one hour at 38°C, 24-36 hours after egg laying; adult females we /394 [kb]

heat-shocked for 3 hours at 37°C to generate mutant clones int cgi7772  cc13806

ovarian follicle cells. To obtaiecdnull germline clones, females, ] e e ] [T 1

hs-FLP; ru ecd FRTL-2ATM6B were mated withw; P[w*; cG13807 CG5717 CG13804 CG13803

ovPl]3L-2X48 FRT3L-2ATM3 males. Before reaching the second-to-

third instar transition, the progeny was heat-shocked twice for 2 hou  CG17771 gy CG13805 CG13802

at 38°C (Theodosiou and Xu, 1998). Emergeds-FLP/w; ru ecél CG5714

FRT3L-2AP[w*; ovoPl]3L-2X48 FRTSL-2A females were mated,

examined for egg laying, and sacrificed for immunostaining of thei ES B2 “0.313 [kb]

ovaries 3-10 days later. Alternatively, germline clones were induce H13 '

by heat shock for 1 hour at 38°C in adult females, and were analyz:

3-7 days later. S4 10 kb
e |

RNA hybridization

Poly(A)* RNA was isolated using the QuickPrep mRNA Purification Fig. 1.Map of theecdlocus. The interval oécdis delimited by the

Kit (Amersham) andecd and mbfl transcripts were detected on right breakpoints of deletiori3f(3L)Aprt201andDf(3L)R+R2

northern blots with full-length cDNA probes as described (Uhlirovawithin the cytological region 62D5-D7 (top). Ten predicted genes

et al., 2002). The sameedprobe, and its sense version (for control), (BDGP) located in this interval are shown. The filled boxes represent
was used for in situ hybridization of adult ovaries (Tautz and Pfeiflegoding regions and the lines between them denote introns, arrows
1989; Buszczak et al., 1999); detection was with anti-DIG alkalinéndicate the orientation of each gene. Five genomic fragments used

phosphatase and the CBIP/NBT substrate (Roche). for the preparation of rescue constructs are indicated by the black
lines. CG5714 (underlined), present in the rescuing fragments E5 and
ecd-lacZ expression S4, is theecdgene.

An ecd-lacZ reporter was constructed by cloning a 1.25 ddul

upstream genomic region into the pCaSpeR-AR#at vector

(Thummel et al., 1988). The same regulatory sequence in the éQe ES genoml.c fr(z]iqgm(épnt rescgue((jj(?’)tglge othgerlsemlethal
construct was sufficient for the rescueestinull mutants. Thecd ~ €6d _genotypes: ecd/ecdr, —ecd/ec , ecd/ecd,

lacZ activity was detected in transgenic animals using a standard YeC#/Df(3L)R+R2 ecd/ecd? (29°C) andecd/ecd?* (29°C) to

gal staining procedure. adulthood. A shorter construct S4, containing only the CG5714
S . o gene (Fig. 1), rescued tled mutants to the same extent as
Ecd antibodies, immunoblot and tissue staining E5. In all cases, a single transgenic copy of the CG5714 gene

The central portion of Ecd (amino acids 270-429) was expressed fromas sufficient for the complete rescue. These results clearly
PET28a (Novagen) as a hexahistidine fusion protein in the BL21ligentify CG5714 agcdysoneless

CodonPlus  (Stratagendj. coli strain. The protein was affinity-  The sequence of the deduced Ecd protein reveals a broad
purified on a Ni-NTA agarose column (Qiagen) under den"J‘tu“n}volutionary conservation. Putative Ecd orthologs have been

conditions, then partially re-natured by dialysis and used for rabb . . - o .
immunization. The collected antiserum was affinity-purified using th ound in the mosquitAnopheles gambig@3% overall amino

entire Ecd protein, produced by the yeast EasySeRichia acid identity), humans and mouse (31%), zebrafish (30%),
Expression Kit (Invitrogen) and immobilized on the AminoLink Plus Arab'dOPS'S thaliana (26%) a_nd _the fission yeast
Coupling Gel (Pierce). For western blots, embryos or larvae wer&chizosaccharomyces pom24% identity). The human Ecd
homogenized in a denaturing sodium dodecylsulphate (SDS) buffeprtholog, known as Suppressor of GCR2 (SGT1), is expressed
and total protein (ca. 10g per lane) was analyzed by 10% SDS-in a wide range of human organs (Sato et al., 1999) and
PAGE. Blots were probed with the purified anti-Ecd antibody, dilutecfunctionally rescues a mutation of GCR2, a transcriptional
1:5000. Detection was with a goat HRP-conjugated anti-rabbitegulator of glycolytic enzyme genes in the fission yeast
antibody (1:4000) and a chemiluminescent substrate. Whole-mouv@beminoﬁ and Santangelo, 2001). However, GCR2 is not
immunostaining of larvae and adult gonads was performed accordi%mologous to SGT1 and thus the normal role of SGT1 in

to standard procedures, with antibodies diluted as follows: anti-Ec . . .
1:1000; anti-MBF1, 1:10,000 (Liu et al, 2003): anti-Orb (4H8°#1umans is unknown. Interestingly, although several highly

DSHB), 1:30 (Lantz et al., 1994); and anti-Faslll (7G10 DSHB), 1:30°onserved motifs are evident among the aligned qrthologs (F.|g.
(Patel et al., 1987). Secondary antibodies conjugated with Alexa Flug). hone of these correspond to any known functional domain.
488, Texas-Red (Molecular Probes) and Cy3 (Amersham) were usddnere is a putative ATP/GTP-binding motif (P-loop) near the
at a dilution of 1:1000. Images were captured on Axioplan 100 an@ terminus of theDrosophila and Anophelesorthologs, as
confocal LSM410 inverted laser scanning microscopes (Zeiss). recognized by the PROSITE database (Fig. 2).

R I Molecular basis of ecd mutations

esults To determine the character of mutations in aberedaélleles,
Identification of the  ecdysoneless gene we have sequenced the relevant genomic region foch
Genetic mapping placeztdamong 10 genes predicted by the mutants. The temperature sensitive, EMS-induced alede
BerkeleyDrosophilaGenome Project to be within region 62D. contains a substitution of the conserved proline 656 to serine
Four partially overlapping genomic fragments harboring(Fig. 2), resulting from a C to T transition. All the other
subsets of these 10 genes (Fig. 1) were used for germligxamined allelesecc?, and the two previously undescribed
transformation. All three obtained transgenic lines carryinglleles ecd??* and ecd®23, produce truncated Ecd peptides
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*ecd‘?
D.m. S SECR 8 =TelS3 o) Y SR E DGV E VI FIze T PDRYVDEBAL H QERSTETSHEHKSE JEER
H.s. 1 —-—--MEEps’ 3" Aygd EfCLF.LIPDE“l' QK'{ ~HTEF L PxI"z.\‘aNO KYHP S
A.t. 1 JEPSSSPFFSETWSRLODIITYFiSF|gesEL.sS ERI0S IHREIR v F B - - -—- S55-—-
s.p. 1 ZENLGNNIGEGHEEFCIS QREERIDEYFSEKEKESTEAEETF.AELER---LQLE:YG:EHLRVEYQ E-—-
D.m. 80 LLNEETHPEEEQELED CnrIlermnTe sl IRsRi Ty -FrGsc
H.s. 68 ————m—————— PEHDEGVTI:TGDI-IIEDEI’IF IVYNIESITEFPEIR
Ak, 72 mmmemmmm——- pHLHGﬁﬂk:'fGDNLEDE&JFQ-.-‘FLIJ%
s.p. 75 -— VoleIGI TEGDEIBDEWE I VWL LREDS KATIGSIAS
D.m.
H.s.
A.t.
S.p.
D.m. A R
H.s. 214 P-rIE‘aLI\QRPRLVmA'u'QnF&ERDPIDLR.HC
A.t. 212 VBN HEZFIRE AR )1 DS L HAN T
S.p. 214 FREMVHPIOKNEN|MESIEAN . Ky ENYEDI MK
Fig. 2. Ecdysoneless is conserved
throughout eukaryotes. Alignment
of the Drosophila(Dm) Ecd o g;g
protein (Swiss-Prot Q9W032) a.t. 292 3
with human (Hs) SGT1 (095905), s.p. 290 H
and its closest relatives from
Arabidopsis thaliana D.m. 391 I“'}EELDS‘"LQD
(At; QILSMS5) and H.s. 3710 SRR LOERY
Schizosaccharomyces pon(Se; s.p. 344
Q9USA49), using Clustal W. Black
shading indicates amino acid D.m. 466
identity, and gray shading H.s. 447
indicates similarity if present in Ast. 4%
two or more of the aligned S.p. 421
sequences. The putative
ATP/GTP-binding site (P-loop) is ~ B-m- 534 GePrSTHVRNGLQVT 5 . Gk
: H.s. 511 SDEDIAN T LS THAQMDRE LA THIE
marked by the horizontal arrow. 2t 520 GomoES OGO GED.‘W@EEL NI ﬁ
Asterisks indicate the positions of  s.p. 485 THFYDBIKCKDGKIQNQIVD AT =
the premature termination codons
in allelesecc?, ecd??4and 5 614 K - :
ecd®?23 The arrowhead indicates ;75 56'? lms.- e/ DYDLNLVEN I LES TSSO
the conserved proline 656, which A.t. 576 HSS SSKTRY) 5K———DE] P"’DHDSNL"HNLLE‘J’“SSQ"’LH o
is mutated to serine iecd. s.p. 547 -im G FiDeYED 1D LN LHKN 1 B L

(Fig. 3A). Theecd allele contains a C to T transition that

Table 1. Lethal phases oécdmutants
converts @; to a stop codon. In thgray inducedecd?4,

Number of
a four-base-pair deletion causes a frameshift of four amino genotype Major lethal stages (@ larvae ()
3)23
acids followed by a stop codon. Bed®?23 the premature — yocd~ L2 and early-L3 (12): mid-L3 (78) 200
termination codon results froma Cto T transmon edoQrhe ecd/Df(3L)R+R2 L2-L3 molt (75); L3 (25) 80

extent of the presumed Ecd protein truncations suggests thaécd/ecd L2-L3 molt (65); L3 (35) 120
ecc, at least, is a null allele. In agreement with the described ecgé/ecg!@% I|S2-I|-3 mocljt |533); L3 (17) é%g
ecd/ec rolonge

mutations, a spgcmc antibody r_alsed agr?unst a central portlonec FIDFBLIR+R2 Prolonged L2 60
of the Ecd protein detected a wild-type sized band on westerng.gecd@s Prolonged L2 75
blots from third instaecd larvae (29°C), but not froracc?, ecd®2¥ecd®)23 Prolonged L2 200
ecd?4or ecd®23 homozygotes approaching their lethal phases ecgff/D(;(zﬁL)mRZ PrO(Iong)ed L2 90

2 ec ec L1 (100 100
(Fig. 3B; data not shown facd24). A truncated Ecd product ecd?ADI(BLR+R2 L1 (43); L1-L2 molt (57) 120

was found irecd®23 homozygotes (Fig. 3B).

The lethal stage of thecd mutants was examined to
establish whether the structural character of the mutations
corresponded to their phenotypic effects (Table 1). The single
proline-to-serine substitution irecd is consistent with mutants, died during the second molt, displaying typical
previous (Henrich et al., 1993; Sliter, 1989), and with our ownmolting defects such as double mouth hooks (Fig. 4A). Among
indications that the mutant gene product retains a residuttie non-conditional mutantgcd?4 homozygotes were the
function. Although mosecd homozygotes completed their most severely affected (Table 1), aedd®?4Df(3L)R+R2
second molt at 29°C, the majority of teed/Df(3L)R+R2 larvae arrested during the first molt with unshed cuticles and
hemizygotes, ancecd/ecd and ecd/ecd®23 heteroallelic  double mouth hooks (Fig. 4B,C). This early lethality could be

*All genotypes containingcd were tested at 29°C.
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1
ecd {aa]
[l &
ecd? P656S
=l Q67+
ecds*
T YLRSL356-360HGAC*
ecd'®)?
) Q650+

1*instar 2™ instar 3" instar
wt ecd® wt ecd®ecd™wt ecd’

—92
— e 0,

Fig. 4. Molting defects oecdmutants. (A) Presence of the second
Snstar (smaller arrows) and third instar (larger arrows) mouth hooks
in anecd/ecd heterozygous larva kept at 29°C. (B) Two pairs of
mouth hooks in arcd#24Df(3L)R+R2hemizygote that died during
the first molt. The first instar mouth hooks are indicated by small
arrows and the second instar ones are indicated by larger arrows.
?C) First instar cuticle attached through the first instar mouth hooks
(arrow) to the new cuticle in acd?4hemizygote.

Fig. 3. Structure and expression of mutant Ecd forms. (A) Schemati
representation of mutant versions of the Ecd protein in the four
studiedecdalleles. Numbers are amino acid positions; asterisks
denote stop codons. A 4-bp deletion inyhray induced mutant
ecd?4changes the reading frame, resulting in the indicated amino
acid substitutions and a stop codon. (B) Western blot of the wild-typ
and mutant Ecd forms. A low amount of maternal Ecd is still visible
in the first instar, but not in the second instar homozygods

larvae. The truncated Ecd version is detected by the anti-Ecd

antibody in second instacd®23 larvae. A
ELIL2L3WWPP ¢

ecd 4 7
in part caused by the dominaRoughened (Rmutation, 2.35 4
or by another unknown mutation, on treed?4-bearing kb .
chromosome, as animals lacking most or all of the Ecd protei
in ecd® homozygous or heteroallelic combinations arrestec mbfi _
during the second instar. The newd®23 mutation was as ”"'m
severe asccf (Table 1). These results suggest traf, ecd?4 o
andecd®23likewise represergcdnull alleles that completely Unf 0-2 1214
prevent development beyond the second instar. e < Ecd

ecd IS exprgssgd in steroidogenic as well as non- Fig. 5. Developmental expression efd (A) Northern blot analysis
steroidogenic tissues showing expression of @cdmRNA in embryos (E), in first (L1),
Northern blot analysis of whole animals showed a siegtt  second (L2) and third (L3) instar larvae, in wandering larvae (W), in
transcript, present throughout development (Fig. 5A). Thevhite puparia (WP), in pupae (P) and in egg-laying females (add
MRNA was more abundant towards the end of the final larvdémale symbol). Bottom panel shows a control re-hybridization of
instar and during metamorphosis; the strongest expression wi&§ blot with the constitutively expressed gemigf1 (B) Western
observed in mature, egg-laying females. In situ hybridizatioﬁ!Ot_W'th the anti-Ecd antibody detects Ecd in unfertilized eggs from
showed that this increase probably resulted from strongrg'n mothers (Unf) and embryos 0-2 hours and 12-24 hours after
ecd expression in the ovarian nurse cells (Fig. 6M). The99 [2ying.
continuousecdexpression was confirmed at the protein level
using a specific antibody that detected Ecd from earlying gland temporal profile was corroborated by using a
embryogenesis to adulthood (Fig. 5B, Fig. 3B, and data ndtansgenic 3-galactosidase reportereddlacz), which was
shown). Ecd was found in unfertilized eggs, showing maternaictive only in the medial corpora allata region but not in the
deposition of the protein (Fig. 5B). A western blot of earlylateral steroidogenic gland of second instar larvae (Fig. 6D).
larvae homozygous for thecd® null allele revealed that low This construct strongly labeled the whole ring gland in late
levels of the maternal Ecd protein persisted into the first larvdhird instar (Fig. 6E). Except for the medial ring gland, not
instar (Fig. 3B). stained with the antibody (Fig. 6A), thecZ reporter probably

A steroidogenic role of Ecd presumes its presence in theflected trueecdexpression, because it was driven byead
sites of ecdysone synthesis. Staining of late-third instar larvagstream genomic region that is sufficient for the resceeaf
revealed Ecd expression in the steroidogenic lateral lobes ofutants. Besides the ring gland, specific Ecd expression was
the ring gland (Fig. 6A,B). However, ring glands of latefound in the nervous system (Fig. 6G), in the imaginal discs
embryos (not shown), and first or second instar larvae (FigFig. 6H,l) and in developing gonads of third instar larvae (Fig.
6C), did not show prominent staining. Also the rest of the bod$J,K). In all cases the Ecd protein predominantly resided in the
displayed only a diffuse signal without a restricted pattern. Theytoplasm.
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During metamorphosis the lateral ring gland degeneratethe primary steroidogenic organs — the larval lateral ring gland
Other organs, such as ovaries, serve as sources of adaftd the adult ovaries — as well as in the non-steroidogenic
ecdysone. In adult ovaries, Ecd protein was expressed in batkntral nervous system and imaginal discs.
the somatic follicle cells and the germline nurse cells ) o ]
throughout oogenesis (Fig. 6L). The signal was stronger in tHdormone feeding or ~ ecd expression in the ring
nurse cells of egg chambers staged 8-10, probably becausedt#nd cannot rescue non-conditional  ecd mutants
the deposition of the Ecd protein, as well as mRNA (Fig. 6M)'he presence of Ecd in the late-third instar ring gland is
into the oocyte at this time. High levels of Ecd were detectedonsistent with the steroid deficiency for whiekd was
in the apical part of adult testes, where the somatic andriginally identified. The ability to induce puparium formation
germline stem cells are localized and where spermatogenesig feeding the non-pupariatirecd larvae at 29°C with 20-
begins (Fig. 6N). In summary, Ecd expression was detected hydroxyecdysone (20E) (Garen at al., 1997; Redfern and

Bownes, 1983; Berreur et al., 1984), suggested
: : that low steroid levels might be the primary

Ring gland CNS/IDs Ovary/Testis cause of arrest at this stage. To test whether the
non-conditional ecd mutants could also be
rescued by dietary hormone, we fed
homozygous second instacd and ecd®?23
larvae with 20E. The feeding etd larvae at
29°C served as a positive control: s@ml and
250pug/ml 20E doses induced pupariation in 26
out of 100, and in 36 out of 100gcd
homozygotes, respectively. By contrast, none of
600 ecc?, or 250 ecd®?23, |arvae progressed
beyond their lethal phase when fed 20E. These
results strongly imply that ecdysone deficiency
alone does not account for the second instar
lethality of these mutants. In support of this
view, the whole-body ecdysteroid content was
not significantly different betweerecd/ecc
(0.61+0.13 pg/animal) andcd" (0.48+0.08
pg/animal) first instar larvae.

To address the problem etdrequirement
directly, we have targeteztdexpression to the
steroidogenic part of the ring gland using
transgenidJAS-ecdactivated by a Gal4 driver,
Feb36 (Siegmund and Korge, 2001; Andrews
et al., 2002). As was expected from the ability
of exogenous 20E to rescue pupariatioparf
homozygotes at 29°C, Ecd expressed under
Feb36allowed formation of defective puparia
in around 25%UAS-ecd, ecllecd larvae

| 1% upshifted to 29°C n=60). The ectopic Ecd

Feb36>ecd . pfesence in the ring gla)nd, evident guring the

C/"‘g - second instar (Fig. 6F), should therefore

y / . " . restore the impaired hormone synthesis and at

F least postpone the arrestegfdnull mutants, if
disrupted ecdysone production was the sole
Fig. 6. ecdis expressed in specific steroidogenic, non-steroidogenic and reproductik@use of their death. However, ti@b36
organs. (A-F) The anti-Ecd antibody strongly stains the lateral lobes of a third instaflfiven Ecd was insufficient to advantiAS-
ring gland (A); a confocal image (B) shows that Ecd is in the cytoplasm. Low signalecd, ecé@lecc? larvae even to the second molt.
is seen in the ring gland during the second instar (C, arrows). ActivityesfcatacZ By contrast, the samdJAS-ecd construct
reporter in the ring gland of second instar (D) and late third instar (E) larvae is expressed under a ubiquitoatin-Gal4driver
visualized with X-gal staining. Arrowhead in D marks the medial corpora allata allowedecd® homozygotes to reach adulthood
region. (F) Anti-Ecd antibody staining shows Ecd expression targeted to Fhe IateraI(Tab|e 2).
ring gland of &eb36-Gal4; ecél P[UAS-ecd]second instar larva. (G-I) A_thlrd The failure to rescue non-conditionakd
instar CNS shows moderate Ecd levels (G) compared with the lateral ring gland (A}‘hutants with Ecd targeted to the ring gland, or
Ecd is abundant in the eye-antennal (H) and wing () imaginal discs. (J-N) The anti; . . ’
Ecd antibody shows strong expression in both the ovary (J) and the testis (K) of thipy 20E feedlng, correlates with the a_bse_nce of
instar larvae. High levels of Ecd occur in the nurse cells of stage 10 egg chambers ECd from the ring gland before the third instar.
(L, arrow). The same stage nurse cells also accumulaedaranscript, as shown Taken together, the data show thetd is
by in situ hybridization (M). Ecd is present primarily on the apical end of the adult autonomously required in other organs before it
testis (N). Except for F, staining was performedadrite!118 animals. is needed for ecdysone synthesis. To identify the
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Table 2. Rescue oécd? homozygotes by Gal4-targeted Ecd expression

Number of
Gal4 driver Expression domain in larvae* Rescuenj%  larvae ()
actin/+ Ubiquitous Adult (46) 80
Feb36/+ Lateral ring gland, salivary glands, fat body, malpighian tubules, tracheae, some midgut cells None 200
Aug21/+ Medial ring gland, salivary glands, some midgut cells, malpighian tubules, tracheae None 100
patched/+(ptc/+) Imaginal discs, salivary glands, epidermis, gut, nervous system, fat body L3 (71) 130
ptc/ptc As above PP (12) 65
Feb36/ptc As Feb36pluspatchedabove L3 (75) 100
sevenless/+ Eye imaginal discs None 120
engrailed/+ Posterior imaginal discs, part of nervous system None 180

*Expression patterns of individual drivers were verified usitkip&-lacZreporter.

tissue-specific requirement, we have expressed Ecd usitgthal, because smattcd’~ clones could be seen in eye-
several other Gal4 drivers (Table 2). Ecd driven bypdtehed  antennal imaginal discs when induced at the onset of the third
(ptc) promoter provided a partial rescue: a single copgtof  instar (not shown).
Gal4 allowedecd homozygotes to molt to the third instar; two ) ) )
copies supported formation of defective but tanned prepupadscd is required for oogenesis

) o ) . Ecd clearly plays a role in oogenesis, as the restrictive
Cell-autonomous function of  ecd in imaginal discs temperature prevents development of egg chambers beyond
To examine whethegcdplays a cell-autonomous role during stage 8 irecd flies (Audit-Lamour and Busson, 1981). To test
development of the adult, we have generated mitotic cloneshether Ecd is autonomously required in the somatic follicle
homozygous for the null alleked® using the FLP-FRT system. cells, we induced homozygoesd and controlmbfi clones
Mutant clones of a non-essential gemdf1(Liu et al., 2003), in adult females. Ovaries witlecd’™~ clones displayed
located agcdon the 3L chromosome arm, served as a controdefective egg chambers with extranumerary nurse cells, often
For both genes, wild-type sister clones and the heterozygodsuble the normal 15 (Fig. 8A,B). Staining with an antibody
background were recognizable by the presence of ubiquitirrgainst Orb, a protein that accumulates in the developing
driven GFP and thenini white® gene markers, placed on the oocyte, confirmed that the aberrant egg chambers resulted
homologous chromosome. When induced early during the firétom fusions of adjacent cysts, and not by overproliferation of
larval instar, largenbft’- as well asmbf1/* clones appeared the germline cells (Fig. 8C,D). Fasciclin Ill (Faslil), normally
in the adult compound eyes. By contrast, oatyl’* clones expressed by one pair of specific follicle cells at each pole of
were found wittecd (Fig. 7A,D). The lack obcct/eck clones  each egg chamber (Fig. §Awas detected only at the opposite
was confirmed by staining of imaginal discs, dissected frorends of a fusion between two egg chambers (Fig. 8E).
late third instar larvae: homozygous mutant clones were onlpefective egg chambers that had probably fused from several
found inmbflbut not inecdsomatic mosaics (Fig. 7B-F). No cysts early in their development showed multiple oocyte
defects were observed in the adult eyes, legs, wings or thorpgxecursors (Fig. 8F), as well as Faslll-positive islands of
derived from the imaginal discs whezec®/ecd clones were cells (Fig. 8G). None of these defects occurred in ovaries
induced. As imaginal disc cells normally proliferate throughoutontaining largembfl mutant clones (not shown). These
larval life (Madhavan and Schneiderman, 1977), we assunresults show thatcdis required in the follicle cells for normal
that theecd”’~cells were replaced by theicd' neighbors. The oogenesis.
loss of Ecd, however, does not seem to be immediately cell- To test for a direct role of Ecd in oocyte development, we
inducedecd/ecc germline clones using
the FLP-FRT system with thevd?
dominant female sterile marker. When
recombination was induced during the
first larval instar, controbvdP! females
laid eggs, whereas femalesn=50)
carrying theecd mutation oveiovd! did

Fig. 7. Ecd-deficient cells do not survive in
proliferating imaginal discecd/ecd (top

row) andmbf1/mbfl(bottom row) null mutant
clones were induced during the first larval
instar. Only the sistexcd’* clones, marked by
the intensive expression Bfw*, ub-GFP]

are found in the adult eye (A), eye-antennal
discs (B) and wing discs (C), wheresast

cells are absent. Clones lackimipfl, P[w,
ub-GFP]are maintained in all these imaginal
tissues (D-F, arrows).
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Fig. 9. Loss ofecdin the germline causes previtellogenic arrest of
egg chambers. (A,B)cd/ec germline clones (arrowheads) can be
distinguished from amcd’* clone (arrow) by the lack of staining

with the anti-Ecd antibody. All of these clones arrest because of the
loss of Ecd, or because of thed®! mutation. (C,D) Mosaic egg
chambers containing both Ecaind Ecd nurse cells were identified
with the anti-Ecd antibody three days after? clones had been
induced in adult females. Only such mosaic egg chambers formed
vitellogenic oocytes (asterisk). (C)@onfocal sections through the
same egg chamber.

Fig. 8.Egg chambers carrying clonesaufc/ecd follicle cells fuse . .

together. The normal number of 15 nurse cells in a control Discussion

vitellogenic egg chamber (A) frequently doubles (B) whed The temperature-sensitiv®rosophila mutation ecd has
clones are induced in adult females. Presence of two (C,D) or morep aan widely used as an ecdysone-deficient background for
(F) oocytes confirms egg chamber fusions. Fasciclin 11l expression developmental studies despite uncertainty about its molecular

appears at the ends of a double egg chamber, but not at the fusion . . .
line (E). Multiple Fasl!l signals may result from a fusion of several identity and other possible roles of tedysonelesgene. The

cysts (G). (AA) Images show the same wild-type egg chamber. ~ @im of this study is to show thacd encodes a conserved
(D,D',E,E) Images show Orb, Faslll and Ecd proteins in the same protein, prewou;ly not connected with steroid blpsythess or
egg chambers. Large cloneseaft cells are clearly visible (Dand any other function, and to demonstrate that besides its known

smaller clones are emphasized with yellow line}. @Except for steroidogenic role, this protein is required in a cell-autonomous
DNA staining with DAPI (A,B), all images are confocal sections.  manner independently of the blood-circulating hormone.
Arrows indicate Orb-positive oocytes; arrowheads indicate FasllI- We have mapped molecular defects in the origaad
positive polar follicle cells. Anterior is to the left. (Garen et al., 1977), iacd (Sliter et al., 1989), and in two

previously undescribed alleles¢d(®23 andecd?4 The point

mutation found inecd is consistent with its hypomorphic
not. Their ovaries contained clonal egg chambers that did neature (Henrich et al., 1993). It converts a proline residue,
stain with the anti-Ecd antibody (Fig. 9A,B) and that arrestedonserved in all Ecd orthologs identified so far, into serine.
prior to vitellogenesis. When recombination was induced irThis substitution does not cause degradation of the Ecd protein
adult females, some of them laid a few eggs (on average 1 p@ig. 3B), or its subcellular mislocalization in the ring gland at
female;n=70) 5-6 days later. Ovaries dissected 3 days after th23°C (not shown). The mutation maps near the C terminus
induction contained mosaic egg chambers, in which som@ig. 2), which must harbor an important function because
nurse cells lacked the Ecd protein, whereas others strongly short truncation inecd®23 l|acking this region is
stained with anti-Ecd antibody (Fig. 9C,D). Interestingly, onlyphenotypically as severe as #wf mutation, removing almost
these ecd'/ecd™ egg chambers progressed to vitellogenicthe entire protein (Fig. 3A). Although the non-conditiosed-
stages, whereas those entirely devoid of Ecd arrested vemutants die as second instar larvae, temperature shifts of
early, showing degeneration of the nurse cells. Apparentllhe ecdd mutants suggest that Ecd is required during
the ecd’, ovd®! nurse cells and their adjaceatd, ovo" embryogenesis (Kozlova and Thummel, 2003). This early
sisters mutually rescued each other, thus allowing furthefunction may be executed by the maternally supplied
development of the oocyte. Ecd protein, which is still detectable in first instacd
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homozygotes (Fig. 3B). As the effects aefd?, ecd®23 and  Delta/Notch signaling that specifies the polar follicle cells
ecd?4 are not worsened in hemizygous combinations with aiPFC), and by perturbing the JAK/STAT pathway through
ecd deficiency, all of these three mutations are likely towhich these cells establish proper separation between egg
representecdnull alleles. A single transgeniecd™ copy chambers (Gonzalez-Reyes and St Johnston, 1998; Grammont
rescues allecd mutants to adulthood, showing that the and Irvine, 2001; McGregor et al., 2002; Torres et al., 2003).
developmental and lethal defects seen in these mutants are fullyemains to be tested whether the egg chamber fusi@tslin
attributable to the loss @fcdfunction. mosaic ovaries might result from a compromised signaling by
Although the non-conditionacd mutants often die during the PFC. Follicle cells are thought to be the major site of
the ecdysis to the second instar, displaying phenotypes thetdysone production in the ovary (Lagueux et al., 1977; Zhu
might imply defective ecdysone production (Fig. 4B,C), theiret al., 1983). However, it is difficult to imagine that the
lethality cannot be a direct consequence of low blood ecdysomelatively smallecd clones could significantly reduce the
for the following reasons. Firstecd animals cannot be ecdysone titer in the female. Therefore we conclude that, as in
advanced to the second molt by 20E feeding, despite the fatie case of imaginal discs, the effect®od® on oogenesis are
that similar doses of 20E are sufficient (1) to avert second instardependent of free-circulating ecdysone.
lethality in mutants for the steroidogenic enzyme Dare Germline clones completely lackirerd function arrest at
(Freeman et al., 1999) and (2) to induce pupariatioecth  pre-vitellogenic stages, probably earlier than egg chambers
larvae at 29°C. Second, as some ofdbé animals die during carrying the ovd®l mutation, thus showing thaecd is
the transition to the second instar, one would expect that theautonomously required for oocyte maturation. This result is
ecdysone titer would be lower from as early as the first instaconsistent with the phenotype etdt mutant ovariesecd
However, we have not found a reduction of ecdysone contefémales become sterile after a few days at 29°C, with a
in first instar homozygouscd larvae. Third, although Ecd is majority of egg chambers at pre-vitellogenic stages (Audit-
abundant in the lateral ring gland during the third instar, nkamour and Busson, 1981). Interestingly, the steroidogenic
such expression is seen at earlier stages. By contrast, soereyme Dare, and the ecdysone response proteins EcCR and
other steroidogenic genes, suchdis and sad, are strongly E75, are similarly required in the nurse cells for egg
expressed in the ring gland beginning at embryogenesisaturation, as germline clones mutant for these genes arrest as
(Chavez et al., 2000; Warren et al., 2002). Finally, developmerptre-vitellogenic egg chambers as well (Buszczak et al., 1999).
of ecd homozygotes can be completely rescued withThis led the authors to propose that ecdysone synthesis by
ubiquitous Ecd expression but not with Ecd targeted by ththe germline is necessary in an autocrine manner for the
Feb36-Gal4driver to the ring gland and to some other organgrogression of oocytes to the vitellogenic stage. As nogadl
(Andrews et al., 2002). As Ecd presence in the ring glanélunction is required for autonomous ecdysone production by
cannot postpone the death efdnull mutants, Ecd must be the ovary (Garen et al., 1977), the pre-vitellogenic arrest of the
required prior to the initiation of the second molt in some otheecd™ germline clones is consistent with an autocrine germline
tissues. One could be the nervous system (Fig. 6G), becaus@action.
patcheddriven Ecd promotes further development of the By inducingecc® mutant clones in adult females, we created
mutants. mosaic egg chambers in which some nurse cells were null for
A cell-autonomous effect was previously demonstrated foecd whereas others carried thed®! dominant mutation that
the ecd allele during differentiation of the thorax sensory unconditionally blocks oogenesis. Surprisingly, these mixed-
bristles (Sliter, 1989). Unexpectedly, induction efdnull genotype egg chambers continued to mature much beyond the
mitotic clones in the primordia of the adult thorax, the wingphase of arrest caused by either ¢loef or ovd’! mutations
imaginal discs, did not produce any defective bristles. This waacting alone (Fig. 9). This suggests a functional rescue among
probably because n@cd clones occurred in the adult the cells within the egg chamber. As nurse cells are
epidermis. Based on the presence of ta¢d’* clones in all  interconnected by ring canals, we speculate thatdtteovd?!
imaginal discs and in the adult compound eye (Fig. 7), weells and theirecd, ovo" sisters exchanged materials that
conclude that the lostecd clones were replaced by complemented them and consequently permitted oocyte
proliferation of the surroundingcd™ cells. Redfern and development. In the light of the autocrine germline hypothesis
Bownes (Redfern and Bownes, 1983) ascribed many of th@uszczak et al., 1999), an intriguing possibility is that the
defects seen in temperature-upshiftedd mutants to product of theecd” ovdP?! clones might be ecdysone.
autonomous cell lethality in the imaginal discs. However, we Although the ecdysonelesgiene encodes a protein with
have detected small cloneseafd- cells in imaginal discs upon highly conserved regions, we have found no data that would
induction of recombination during early third larval instar, anddescribe the function of these regions and thus enlighten the
ecd clones also survived in the adult ovary. Thus, the loss ahode of Ecd action. The only published report has implicated
ecdis not generally cell lethal although it reduces the abilitythe human ortholog of Ecd, which compensates for the loss of
of the mutant cells to proliferate at the normal rate. Our mosa@n unrelated yeast protein GCR2 in transcriptional regulation
analyses provide direct evidence for a cell-autonomougPeminoff and Santangelo, 2001). Our antibody detects Ecd
ecdysone-independent functioneafd which may underlie the predominantly in the cytoplasm, and thus does not directly
previously described defects in adult morphogenesis. support the possibility that Ecd acts at the level of transcription.
Clones of ecd” somatic follicle cells caused profound We have initiated yeast two-hybrid studies to address the
defects, manifest as fusions of adjacent egg chambers amchanism of Ecd action by identifying its protein partners.
leading to duplications of the nurse cell set, in some cases withntil the exact function of Ecd is known, interpretations of
two vitellogenic oocytes present at the opposite poles (Figesults obtained with the ecdysone-deficientt mutants
8D). Similar polarity defects were caused by perturbing thehould consider its non-steroidogenic effects.
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